More than 1,000 microbial genomes have been completely sequenced to date 1 . The increasing number of sequencing projects driven by high-throughput sequencing technologies underscores the importance of computational methods in annotating and mining genomic data. For any genome, gene-finding is the key step to understanding the biochemistry, physiology and ecology of the organism. Gene-finding relies heavily on computational methods, and very few sequencing projects are complemented by the experimental verification of computationally predicted genes through functional genomics experiments or mapping of N-terminal sequences 2, 3 . Together with multiple sequencing technologies, multiple gene finders and somewhat imprecise standards for the identification of genes, this can result in different researchers arriving at substantially different gene models for the same organism 4 ( Fig. 1 and Table 1 ). Consequently, higher standards of accuracy are required for computational gene-prediction tools.
The most popular gene finders are ab initio and work by statistically profiling protein-coding, intergenic and boundary regions using various classifiers. Whereas most ab initio gene callers boast an average accuracy of 90% or better [5] [6] [7] , accuracy can be compromised by many factors such as genomic islands of differing G+C content, pseudogenes and genes with programmed or artificial frameshifts, leading to sizeable variability between gene model predictions. To improve gene models generated by figure 1 | GenePRIMP analysis of gene calls in the M. palustris genome by three gene callers. Using GenePRIMP, we analyzed the 2,819 -2,584 = 235 genes in Prodigal that were not common to all of the three gene callers. Of the 121 genes predicted only by Prodigal and GeneMark, GenePRIMP reported 118 as putative missed genes among the RAST gene calls. Likewise, of the 26 genes called only by Prodigal and RAST, GenePRIMP identified 23 as putative missed genes among the GeneMark gene calls. Lastly, of the 88 genes called only by Prodigal, GenePRIMP identified 76 as putative missed genes in both the GeneMark and RAST gene calls. Seven of these 88 genes were found in neither GeneMark-nor RAST-generated gene calls. For 83 of the 88 genes (corresponding values are highlighted in yellow), GenePRIMP decisions matched for both GeneMark-and RASTgenerated gene calls. For only five of these 88 genes, GenePRIMP decisions disagreed between GeneMark-and RAST-generated gene calls. The disagreement was due to the presence of spurious genes on the opposite strands in the same intergenic region for one of the two gene callers.
A typical GenePRIMP report includes seven types of anomalies, namely: short genes, long genes, unique genes, dubious genes, broken genes, interrupted genes and putative missed genes (Fig. 2) , identified from the alignment of a gene or intergenic region to its homologs. Whereas short and long genes have anomalous start sites, broken and interrupted genes are parts of the same gene called as multiple genes. Unique and dubious genes, which have no hits to known proteins, may reveal a perfectly good gene in a different frame; such hits are included in the list of putative missed genes when examined together with the bounding intergenic regions using BLASTx to compute alignments to homologs. Alternatively, they may be experimentally verifiable novel genes. Broken genes might indicate the presence of a pseudogene, a programmed frameshift that does not render the gene nonfunctional or a frameshift resulting from sequencing artifacts (for example, base-calling errors in homopolymer regions). GenePRIMP ensures that fusion gene components are not mislabeled as frameshiftinduced broken genes by comparing to a database of fusion genes 13 . Joining of said frameshift fragments and subsequent tagging of genes is at the sole discretion of the curator.
The protocols captured in GenePRIMP are a result of the standardization of operating procedures used in the US Department of Energy Joint Genome Institute in the manual curation of over 300 genomes (>100,000 genes), coming from multiple sequencing centers, over three years. Over 194 genomes (>400 contigs, including permanent drafts) have been processed by GenePRIMP and then manually curated (Supplementary Data 1) . On average, about 10% of the genes in a given genome were modified by manual curation, but this percentage varied between 3% and 20% depending on the properties of the genome and the gene-finder software used. With the current version of GenePRIMP, approximately 85% of all reported short genes are manually extended (short genes can only be extended with evidence when there is space on the 5′ end for extension), 70% of all reported long genes are manually truncated and 100% of reported broken genes as well as 31% of reported interrupted genes are manually joined. We have not shown statistics for putative missed genes because some of these intergenic regions with hits are combined with short genes during extension. We found that the numbers of short, long, unique and total reported anomalies are positively correlated with genome size (R 2 = 0.66, 0.65, 0.38 and 0.407, respectively) but observed no correlation of anomalies with genome G+C content (R 2 = 0.0007, 0.1038, 0.0004, 0.0134, 0.0076, 0.00006 and 0.0023 for short, long, unique, broken, interrupted, missed genes and total number of reported anomalies, respectively). We observed positive correlation between some anomaly types: a moderately high correlation between the numbers of short and long genes, likely arising from imprecise detection of ribosome-binding sites by ab initio gene finders (Supplementary Fig. 1 ).
We used GenePRIMP to compare the accuracy of five popular gene finders: Prodigal 5 , GeneMark 6 , Glimmer3 (ref. 7) , RAST 14 and AMIGene 15 by evaluating their gene calls for two genomes: the bacterium Mycobacterium sp. Spyr1 and the archaeon Methanosphaerula palustris E1-9c, selected because of the large number of modifications made to their gene models during manual curation (see Supplementary Data 2-5 for gene definitions in these two genomes before and after manual curation).
Comparisons were based on the number of anomalies of each type detected by GenePRIMP ( Table 1) . Results of automated gene finding for these two genomes vary wildly among the different tools and pipelines. Notably in the M. palustris genome, Glimmer3 predicted the most unique genes (522 genes); 226 of these were not called by any other gene caller, and only 38 genes were predicted by all others (Supplementary Fig. 2 ). Glimmer3 identified 515 more genes (18%) in the M. palustris genome than did Prodigal, which identified the lowest number of genes; many of these additional genes were among the 522 unique genes predicted by Glimmer3. We observed considerable variation in the gene-finders' identification of translation initiation sites. Glimmer3, GeneMark and RAST had a tendency to predict genes shorter than their homologs, whereas AMIGene called more long genes than any of the others. The occurrence of missed genes and predicted genes that are longer or shorter than their homologs reflects the current limitations of automated gene finding in microbial genomes. The number of broken and interrupted genes identified in the gene calls indicates the sensitivity of the respective gene caller. Higher numbers attest to the greater ability of that gene caller to identify shorter regions of coding sequences, including small fragments in highly degraded pseudogenes. This facilitates the correction of sequencing artifacts, pseudogenes and genes with unusual translational features.
After manual curation for a given genome using the GenePRIMP report, the final gene model complements were very similar (Fig. 1) even though different gene callers were used. Data on genes from the M. palustris genome, with no closely related sequenced genomes, demonstrate that the accuracy of GenePRIMP does not rely heavily on the availability of sequenced genomes for closely related species. We examined the 2,584 genes that have matching stop positions and differing start positions, and the 1,669 genes that have both matching start positions and matching stop positions, among gene calls of three gene callers: Prodigal, GeneMark and RAST ( Supplementary  Fig. 3 ). As Prodigal is part of the regular microbial annotation pipeline at the Department of Energy Joint Genome Institute, we evaluated GenePRIMP's handling of the 235 genes that were only called by Prodigal (8% of the Prodigal total). Hypothesizing that most of those 235 genes are good predictions, we deduced that GenePRIMP should report them as missed genes in the RAST and GeneMark gene calls. GenePRIMP correctly identified 93% of the 235 genes predicted by Prodigal but missed by RAST or GeneMark or both (Fig. 1) . Examination of the remaining 7% revealed that GenePRIMP did not discover them because of the presence of spurious genes on the opposite strands. We observed similar results for Glimmer3 and Amigene (data not shown).
GenePRIMP is available as a web-based application (Supple mentary Fig. 4) . The compute time for any genome is dominated by the time taken to perform BLAST alignments; analysis of a 4 megabase genome typically takes about 2 h on a computer with sixteen 2300 MHz central processing units and 64 gigabytes of shared memory. Current and future directions for GenePRIMP include automatic correction of GenePRIMP-reported anomalies to the extent possible as well as automatic identification of putative frameshifts and pseudogenes. Development of GenePRIMP is an important step toward automation and standardization of the long-standing process of gene-finding and manual curation. As such, it is also following the principles of standardization of the Genomics Standards Consortium and additional development will factor in the Consortium's recommendations. methods Methods and any associated references are available in the online version of the paper at http://www.nature.com/naturemethods/.
online methods

The GenePRIMP algorithm. The flowchart for the high-level
GenePRIMP algorithm is diagrammed in Supplementary Figure 5 . In summary, for each contig in the input file, all features are parsed and stored. PILER-CR (PILER for clustered regularly interspersed short palindromic repeats (CRISPRs)) is then run on the contig sequence, and any CRISPRs found are integrated into the feature list. Any overlaps between features are computed, and an overlap report is generated. Protein sequences for genes are aligned to a low-complexity filtered Blast database using the parameters '-p blastp -e 0.00001 -b 15 -v 15 -a 16' . Genes without hits are aligned again using Blast with a relaxed cutoff with parameters '-p blastp -e 10 -b 15 -v 15 -F F -a 16' . Genes without hits are classified as unique. Unique genes that are shorter than 30 amino acids are classified as dubious. Genes with hits from both rounds of Blast are filtered to remove intersecting high-scoring pairs constituting bad alignments, hits to eukaryotes and hits to the draft genome of the same subject organism. Filtered alignments are used for the classification into long, short, broken, interrupted and potential long or short genes. The exact algorithms for identifying long, short, broken and interrupted genes are described below. Intergenic regions are computed that include unique and dubious genes and boundary adjustments for short and long genes. These adjusted intergenic regions are aligned to the filtered Blast database with the parameters '-p blastx -e 0.1 -b 10 -v 10 -w 15 -a 16' . Alignments are filtered to remove hits to eukaryotes, highscoring pairs in different frames and hits to the draft genome of the same subject organism. Intergenic regions with reliable alignments are reported as putative missed genes. Genes that were classified as potential long or short genes are examined further. If a potential short gene and its 5′ intergenic region have hits to common subject(s), the gene is confirmed as short. If a potential long gene has a promoter region that is shorter than 100 bases, it is confirmed as long.
Detection of short and long genes. Short and long genes are detected using a criterion called an alignment score (α). Let S Q be a query sequence aligned against homologous sequence S H . Let c q and c h indicate the start coordinates of the alignment on S Q and S H , respectively. The alignment score is then defined as Although the difference between the start sites, c q -c h , is necessary to determine whether a query gene might be long, short or good, it is not sufficient. In Supplementary Figure 6a ,b, we illustrate two candidates for long genes. For the same difference in starts of alignment (c q -c h = 28), whether a gene is long or not also depends on where the alignment starts on the subject and the query. The same phenomenon for short genes is illustrated in Supplementary Figure 6c,d . Therefore, instead of making decisions based simply on the difference between the start sites, GenePRIMP uses the alignment quality score that represents the disparity in the start positions as a fraction of the actual distance of the start positions from the beginning of their respective sequences (Supplementary Fig. 7) . To obtain the cut-off values shown in Supplementary Figure 7 , we plotted the distribution of mean and median values of α for genes from five genomes that had been manually curated and confirmed as long, short or matching genes (Supplementary Figs. 8 and 9) . The resultant mean and median alignment scores were also calculated for each gene type (Supplementary Table 1) .
Detection of broken genes. Two genes that are called adjacent to one another are identified as a broken gene if they satisfy all the following conditions: they have the same orientation; they have at least two common homologs; their hits are to consecutive regions on the same homolog, not to the same regions; their shared homologs are approximately of the same length; when the sequence from the beginning of the first gene to the end of the second gene is aligned using BlastX, at least one hit is among those observed for the two individual genes; and the hits for the combined region are not fusion genes as recognized from the fusion genes in the databases of the Integrated Microbial Genomes (IMG) system.
Detection of interrupted genes. Two genes are identified as a gene interrupted by a transposase(s) when all the following conditions are satisfied: they have the same orientation; they have at least one common homolog; each of them has hits to at least four subjects; and the homologs are approximately of the same length.
Application to fungal and eukaryotic genomes. With minor changes, GenePRIMP can be applied to fungal or eukaryotic genomes. Hits from both BlastP and BlastX for genes and intergenic regions, respectively, are filtered to exclude hits to eukaryotic genomes. Additionally, these filters as well as other filters in various stages of the GenePRIMP algorithm use various heuristics based on the number of hits to eukaryotic genomes present. Adjustment of these filters and heuristics leads to an anomalydetection framework for eukaryotic and fungal genomes.
Detection of frameshifts. Putative frameshifts can be detected from the following scenarios of anomalies: when a gene is short on the 5′ end or on the 3′ end and the remaining fragment of the gene is present in the adjoining intergenic region in a frame different from that of the gene; when a missed gene is inserted with one or more frameshifts; when two or more genes are determined as part of the broken gene and are joined with one or more frameshifts; and convergent overlaps. These methods of frameshift detection have been automated in the next version of GenePRIMP. Using GenePRIMP 0.5, which is described here, these scenarios have to be manually analyzed to detect frameshifts.
Detection of pseudogenes.
As with frameshifts, pseudogenes can be detected by analyzing specific anomaly scenarios. The following anomaly scenarios suggest the presence of candidate pseudogenes. (i) A gene that is short either on the 5′ end or the 3′ end, which cannot be extended either owing to the absence of sufficient intergenic space on the said side or owing to the absence of the correct sequence in the available intergenic region. Such a gene might miss important functional domains and become nonfunctional. Although the 'pseudo' status for such a gene can be manually determined with relatively high confidence, the automatic detection of 'pseudo' status for such a gene might be possible through the analysis of its alignment to homologs. (ii) A short gene that has been extended on either the 3′ or the 5′ end, or a missed gene that has been inserted with one or more stop codons or multiple
